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38.1 INTRODUCTION 

Chitin is the second most abundant polysaccharide found in nature after cellulose. The name 
“chitin” is derived from the Greek word “chiton,” meaning a coat of a mail (Lower, 1984) or enve- 
lope (Tharanathan and Kittur, 2003). As the name implies, chitin is naturally found as the major 
structural component of the exoskeleton of invertebrates and in the cell walls of fungi. This linear 
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amino polysaccharide, which is named as poly (3 (1— >4)-2-acetamido-2-deoxy-D-glucose, is com- 
posed of repeated units of 2-acetamido-2-deoxy-(3-D-glucose linked by (3 (1 — >4) glycosidic bonds. 
The polysaccharide structure of the chitin is deacetylated into different degrees without destruct- 
ing its polymeric chain for the production of chitosan. Hence, chitosan is composed primarily 
of glucosamine and 2-amino-2-deoxy-(3-D-glucose and its polysaccharide structure is known as 
(1— >4)-2-amino-2-deoxy-D-glucose. This complex structure has three types of reactive functional 
groups, an amino group at the C-2 position, and primary and secondary hydroxyl groups at C-3 and 
C-6 positions, respectively (Furusaki et al., 1996). 

Both chitin and chitosan have unusual multifunctional properties, including high tensile strength, 
bioactivity, biodegradability (Simpson et al., 1994), biocompatibility, nonantigenicity, and nontox- 
icity (Tharanathan and Kittur, 2003), which made them possible to be used in many applications 
(Figure 38.1). Furthermore, the chemical modifications of the three reactive functional groups of 
chitosan have increased the applications of chitosan in different fields. 



FIGURE 38.1 


Applications of chitin and chitosan. 
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Even though chitin and chitosan have various properties that enable them to be applied in many 
fields, their poor solubility at neural pH due to high molecular weight and high viscosity limits their 
application in certain industries, especially in the food and biomedicinal industries. 

However, chitosan oligosaccharides (COS), which are composed of 2-10 units of D-glucosamine 
units linked by (3 (1— >4) glycosidic bonds, are readily soluble in water. This is due to their short 
chain lengths and the presence of free amino groups in the D-glucose units (Jeon et al., 2000). This 
greater solubility of COS at natural pH has attracted attention for the application of COS in different 
fields where poor solubility of chitin and chitosan has been a limiting factor, especially in the food 
industry. The special properties of COS have been applied for the improvement of food quality, food 
preservation, and for the use of COS as a functional food. Therefore, the objective of this chapter is 
to review the applications of chitin, chitosan, and their oligosaccharides in the food industry. 

38.2 PREPARATION OF CHITOOLIGOSACCHARIDES 

As chitin is found abundantly in the exoskeleton of crustaceans, the large quantity of crustacean 
shell waste from the seafood industry provides sufficient amount of raw materials for the syn- 
thesis of chitin and chitosan. The proteins, lipids, pigments, and calcium deposits in the crusta- 
cean shell waste are removed chemically, and chitin is extracted after passing through several 
steps. Then the chitin is AZ-acetylated by alkali treatment or acid treatment to form chitosan, 
which is more important for the production of COS (Figure 38.2). However, the preparation of 
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FIGURE 38.2 Flowchart of preparation of chitin and chitosan from seafood waste. 


546 


Chitin, Chitosan, Oligosaccharides and Their Derivatives 


COS has been reported from both chitin (Rupley, 1964) and chitosan (Aiba, 1994; Jeon et al., 
2000; Kuroiwa et al., 2003; Kou et al., 2004). 

During the hydrolysis of chitin, only the glycosidic bonds between /V-acetylated units have to be 
cleaved, whereas chitosan has four types of glycosidic bonds that have to be cleaved for the pro- 
duction of COS. These four types are the glycosidic bonds between two deacetylated units (D-D), 
deacetylated and acetylated units (D-A), acetylated and deacetylated units (A-D), and the bonds 
between two acetylated units (A-A). The energy required for the degradation of these bonds of 
chitin or chitosan is provided externally and the depolymerization of the polysaccharide chain into 
different degrees results in the COS with different molecular weights. These hydrolysis methods 
mainly include chemical hydrolysis by acids and the enzymatic hydrolysis. 

38.2.1 Chemical Preparation of COS 

The acid hydrolysis of chitin or chitosan is the conventional method of the chemical preparation of 
COS. In this method, acids are used for the depolymerization of the polysaccharide structure, result- 
ing in the oligosaccharide form of chitin or chitosan. Rupley (1964) has depolymerized chitin with 
concentrated hydrochloric acid (Rupley, 1964) whereas Verum et al. (2001) have used both diluted 
and concentrated hydrochloric acid for acid hydrolysis. Recently, lactic acid has been used for the 
hydrolysis of chitosan (Il’ina and Varlamov, 2004). Despite the type or concentration of the acids, 
there is a high specificity in the acid hydrolysis reaction toward the type of glycosidic bond. The 
rate of cleavage of A-A and A-D linkages is high compared to the rate of cleavage of D-D or D-A 
linkages (Verum et al., 2001; Il’ina and Varlamov, 2004). Therefore, acid hydrolysis is more suitable 
for the production of chitin oligosaccharides and COS that are hydrolyzed from the initial material 
of less deacetylated chitosan. However, acid hydrolysis needs a large quantity of acid solutions, 
which is expensive and results in low yields of COS with large amounts of biologically inactive 
monomeric D-glucosamine units. The production of a high amount of monomeric D-glucosamine 
units is due to the difficulties in the control of the extent of acid hydrolysis, which should be ceased 
at the oligosaccharide stage. These drawbacks deviate the attention from acid hydrolysis toward the 
enzymatic hydrolysis, which is considered as the preferred method for the preparation of COS in 
large quantities. 

38.2.2 Enzymatic Preparation of COS 

Overcoming the problems of acid hydrolysis, scientists have adopted different enzymatic hydrolysis 
methods using different types of enzymes for the preparation of COS. The polysaccharide structure 
of the chitin or chitosan is converted to oligosaccharide form by specific enzymatic depolymeriza- 
tion or nonspecific enzymatic depolymerization. 

38.2.2.1 Specific Enzymatic Hydrolysis 

Chitinases and chitosanases are specific enzymes that are capable of cleaving the glycosidic bonds in 
the chitin and chitosan. Chitinases act specifically on the glycosidic bonds between the 2-acetamido- 
2-deoxy-p-n-glucose units of chitin and results in chitin oligosaccharides. Yamasaki et al. (1992) 
found the enzyme isolated from Enterobacter sp. G-l only has the ability to hydrolyze chitin and 
chitosan that have less than 90% deacetylation. Furthermore, the hydroxylate of this experiment 
did not contain any water-soluble oligomers (Yamasaki et al., 1992), limiting the application of end 
results in the food industry. However, Mtisutomi et al. (1990) reported chitinases from Aeromonas 
hydrophila and Streptomyces griseus , which have affinity to the A-A and A-D linkages of the par- 
tially acetylated chitosan, respectively. Moreover, the resultant COS have shown important applica- 
tions in the food industry due to the presence of free amino groups in their structure. As chitinases, 
chitosanases have also been purified from many microorganisms, including bacteria (Izume et al., 
1992; Yamasaki et al., 1993). Unlike chitinases, chitosanases are specific toward the D-D bonds in 
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the chitosan molecules (Izume et al., 1992). The Bacillus sp. No. 7-M chitosanases act on the fully 
deacetylated chitosan resulting in COS from disaccharides to pentasaccharides with a high yield 
(Izume and Ohtaraka, 1987). Izume et al. (1992) used the same enzyme on the partially /V-acetyiated 
chitosan for the production of COS. According to the results, the mode of action of chitosanases on 
the partially /V-acctyiatcd chitosan is different from the mode of action of chitinases on it. The chito- 
sanases are specific toward the D-D glycosidic bonds of chitosan whereas chitinases act on the A-D 
linkages. The increased production of oligosaccharides due to the increment in the degree of deacety- 
lation (DD) of chitosan confirms the specificity of chitosanases toward the D-D glycosidic bonds. 

38.2.2.2 Nonspecific Enzymatic Hydrolysis 

Apart from the specific chitinases and chitosanases, nonspecific carbohydrases and proteases are 
capable of hydrolyzing chitosan. It has been found that the papain and pronase can be used for 
the chitosanolysis as a substitute for the expensive unavailable chitosanases as they result in the 
production of low molecular weight chitosan (LMWC), chitooligomers, and monomers (Kumar 
et al., 2005). However, the advantage of pronase as an enzyme for the catalysis of chitosan is the 
production of LMWC in high yields, which is difficult to achieve from the more specific chitosan- 
ases ( Kumar et al., 2004). Therefore, the pronase would be more applicable for use in the column 
reactor part of the dual reactor system where LMWC is produced prior to the production of COS. 
Apart from the above nonspecific enzymes, researches have found that the pectinases isozyme of 
Aspergillus niger is also having a nonspecific chitosanolysis activity resulting in both LMWC and 
chitooligosaccharides, which can be applied in the food industry (Kittur et al., 2003). 

All these enzymes have different optimum conditions needed to be maintained for the enzymatic 
reaction to occur. Different systems have been developed by scientists for the production of COS, 
efficiently providing the necessary conditions for the enzymatic reaction. 

38.2.2.3 Batch Reactors 

The batch reactors are the simplest method used for the enzymatic production of COS at the early 
stages (Izume and Ohtaraka, 1987). The enzyme is mixed with the substrate, chitin, or chitosan, and 
the optimum conditions are provided to the reaction mixture. According to Yamasaki et al. ( 1992), 
the chitosanases from Enterobacter sp. G-l were stable at the pH range of 4-8 and the temperature 
up to 50°C. Similarly, Jeon and Kim (2000a) observed that chitooligosaccharides can be obtained 
by treating 1% chitosan with chitosanases from Bacillus pumilus BN-262 in a batch reactor. They 
observed that the optimum temperature and pH for the reaction were 45°C and 5.5, respectively. 
Although Yamasaki et al. (1992) have reported that the chitosanases are stable at high pH as 8, 
the experiments conducted by Izume and Ohtaraka (1987), Izume et al. (1992), and Jeon and Kim 
(2000a) have used the pH values 5.4, 6, and 5.5, respectively, which are more toward the acidic pH 
for the production of COS. The slight acidic pH may be more appropriate for the enzymatic reac- 
tion as the chitosan is soluble in slightly acidic solutions. At the initial stage of the reaction, Izume 
et al. (1992) as well as Jeon and Kim (2000a) have observed an increase in the rate of hydrolysis of 
chitosan. However, the same authors found that the rate of hydrolysis reached a maximum level and 
remained constant after several hours. Therefore, in the batch reactor method, the enzyme is inacti- 
vated by boiling for several minutes after the reaction reached its maximum level. This prevents the 
production of COS continuously as well as the reuse of enzyme, since the protein structure of the 
enzyme gets denatured by boiling. Therefore, the cost of production of chitooligosaccharides using 
batch reactor system is high. The yield of the final product is also low and it contains a mixture of 
COS with different molecular weights due to difficulties in the control of reaction in the batch reac- 
tor system. Therefore, attention has been paid on the development of an enzymatic reaction system 
that has the controlling ability of enzyme-substrate reaction. 

Furthermore, the noxious odor of hydroxylate of batch reactor system due to the presence of inac- 
tivated enzyme limits its valuable food applications. As a solution, the immobilized enzymes have 
been introduced for the production of COS which could be removed from the mixture at appropriate 
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time. After removal, these immobilized enzymes have the advantage of reusability as they are not 
denatured after the enzymatic reaction. Different materials such as agar gel (Kuroiwa et ah, 2003), 
chitopearl, calcium alginate gel (Yamasaki et al., 1992), and agar gel with Sepharose 6B (Kuroiwa, 
2002) have been tested as materials for the immobilization of chitosanases. However, the enzyme 
immobilization material should be permeable to chitosan and the enzyme should adsorb to the 
material at the reaction pH to get the efficient production of COS. 

38.2.2.4 Column Reactors 

The continued preparation of COS is possible by packing the immobilized enzymes into a column 
reactor where substrate passed through. This system is similar to the packed-bed enzyme reactor 
(Kuroiwa et al., 2003) which has more advantages for obtaining desired COS due to their minimal 
axial mixing. Furthermore, Yamasaki et al. (1992) stated that the optimum conditions used in batch 
reactors with the immobilized chitosanases for the production of COS could also be used in the 
column reactors. According to their study, the immobilized enzymes were stable at the pH range 
of 4-6 and temperature up to 50°C which was the same temperature for the native-free enzymes. 
However, Kuroiwa et al. (2003) maintained the temperature at 35°C in packed-bed column reac- 
tor for the enzymatic reaction of chitosan and immobilized chitosanases during the production of 
COS. Usually the temperature in the column reactors is maintained by the circulation of water in 
the jacket surrounding the reactor at optimum temperature. When the enzymatic reaction reaches a 
steady state, the rate of input of the substrate and the rate of output of COS products are maintained 
at a same rate for its continued operation. Though this method has several advantages over the batch 
reactors, the poor affinity of immobilized enzymes to chitosan/substrate than that of free enzyme 
limits the activity of enzyme. These drawbacks limit the usage of column reactors in the commer- 
cial preparation of COS. 

38.2.2.5 Ultrafiltration Membrane Reactor 

The ultrafiltration membrane reactor system has been developed by overcoming the problems of 
the reusability of enzymes in batch reactors and the poor affinity of the substrate toward immo- 
bilized enzymes in column reactor systems. The substrate is supplied to the reaction vessel where 
free enzyme is added for the hydrolysis of chitosan. Then the mixture is sent through a column and 
allowed to get filtered through the ultrafiltration membrane. The chitooligosaccharides produced 
from the enzymatic reaction get separated from the substrate and the enzyme by getting filtered 
through the ultrafiltration membrane. The substrate and the enzyme remaining in the column are 
recycled to the reaction vessel for the next cycle of enzymatic reaction. Jeon and Kim (2000a) used 
an ultrafiltration membrane with the molecular weight cutoff (MWCO) of 3,000 Da, while Kou et al. 
(2004) filtered with MWCO of 10,000 Da for the separation of COS from the enzyme-substrate 
mixture. According to Jeon and Kim (2000a), the optimum conditions for the production of COS in 
the ultrafiltration membrane reactor system were with the recycling time of 180 min and permeation 
rate of 4 mL/min. Similar results were also observed by Kou et al. (2004), and the enzymatic reac- 
tion has reached the steady state within about 180 min from which the enzyme-substrate mixture 
can be separated from the produced COS for recycling. However, Kou et al. (2004) found that the 
enzyme/substrate ratio and residence time are the major factors that affect the performance of the 
ultrafiltration membrane reactor. 

Compared to the systems described above, the membrane reactor system has the advantage of 
continued operation. However, the decrease in the enzymatic reaction and an increase in the trans- 
membrane pressure was detected after five cycles (Jeon and Kim, 2000a; Kou et al., 2004). These 
researches have found that the membrane reactor could be operated continuously for at least 15 h, 
maintaining a constant permeate flux and product output rate ( Kou et al., 2004). The continued pro- 
duction of ultrafiltration membrane reactor system gets obstructed due to membrane fouling after 
several cycles. Therefore, scientists’ interest has moved toward the development of a new system 
that can be helpful in the efficient production of COS continuously. 
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FIGURE 38.3 Mechanism of dual reactor system. (Adapted from Jeon, Y.J. and Kim, S.K., Process 
Biochem., 35, 623, 2000b.) 

38.2.2.6 Dual Reactor System 

The dual reactor system is composed of a column reactor packed with immobilized enzymes and 
an ultrafiltration membrane reactor (Figure 38.3), and this method has been adopted to solve the 
problem of membrane fouling in the membrane reactor system. Membrane fouling occurs due to 
the high viscosity of chitosan, which depends on the molecular weight. Reducing the molecular 
weight of chitosan by partial hydrolysis in the column reactor decreases the viscosity of substrate 
for the membrane reactor system, preventing membrane fouling. The column reactor of the dual 
reactor system hydrolyzes chitosan partially by immobilized chitosanases. The partially hydrolyzed 
chitosan, which has low viscosity, is presented to the membrane reactor system as its substrate. 
Therefore, the dual reactor system can be operated continuously for the production of COS without 
the problem of membrane fouling (Jeon and Kim, 2000b). 

38.3 PHYSICOCHEMICAL PROPERTIES OF CHITOOLIGOSACCHARIDES 

Usually a mixture of different chitooligosaccharides results from the hydrolysis of chitosan. 
The physicochemical properties of these COS increase their biological activities, enabling them 
to be used in various applications. The molecules with a molecular weight of lOkDa or less in 
hydroxylate are considered as COS (Kim and Rajapakse, 2005). The molecular weight is an impor- 
tant factor that determines the solubility of chitosanolytic products. The COS is more soluble than 
the LMWC as they have a lower molecular weight than the LMWC. The solubility of COS increases 
with the degree of depolymerization (DP). Chitooligosaccharides that have depolymerized into 
smaller molecular size than the pentasaccharides or hexasaccharides are highly soluble in aqueous 
solutions and rapidly get absorbed while COS larger than the hexasaccharides are less soluble in the 
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aqueous solutions. Though solubility is high, the functional properties of those smaller molecular 
size COS are not high. The pentameric or hexameric COS have a balance between their physiologi- 
cal activity and the solubility. Therefore, these two forms of chitooligosaccharides are more impor- 
tant in the industrial applications. The uncontrollable hydrolysis of chitosan results in a high amount 
of physiologically less active chitooligosaccharides. Kuroiwa et al. (2003) have used immobilized 
chitosanases in a packed-bed enzyme reactor system for improvement in the yield of physiologically 
active COS. These authors have found that this system is able to produce pentamers and hexamers 
of COS for 1 month continuously. 

Apart from the molecular size, molecular confirmation is also important for the biological activi- 
ties of COS. Similar to chitosan, positive charges are present in the COS due to the deacetyla- 
tion. Therefore, COS exhibit some of the properties present in chitosan. Chitooligosaccharides can 
strongly bind to the negatively charged surfaces due the presence of positive charges in its structure 
and display many biological activities. 

These physicochemical properties of COS such as molecular weight, DD, and charge distribution 
enhance the antimicrobial activity, antioxidant activity, and nutritional quality of food, which are 
important in the food industry. Moreover, nontoxicity is the property of COS which ensures that the 
COS-added food products are safe for human consumption (Qin et al. 2008). 


38.4 APPLICATIONS OF CHITOOLIGOSACCHARIDES IN FOOD INDUSTRY 

Shahidi et al. (1999) have reviewed the food applications of chitin and chitosan, and these two bio- 
polymers offer a wide range of applications in the food industry, including bioconversion for the pro- 
duction of value-added food products (Revah-Moiseev and Carroad, 1981; Shahidi and Synowiecki, 
1991), food preservation (Ghaouth et al., 1992; Fang et al., 1994), formation of biodegradable films 
(Butler et al., 1996; Chen and Hwa, 1996; Kittur et al., 1998), recovery of waste material from food 
processing discards (Bough and Landes, 1976; Pinotti et al., 1997), water purification (Micera et al., 
1986; Muzzarelli et al., 1989), and clarification and deacidification of fruit juices (Imeri and Knorr, 
1988; Chen and Li, 1996; Rwan and Wu, 1996). However, COS have received attention due to their 
special properties which does not carry by the chitin or chitosan. These special properties of COS 
have been applied in food preservation, the use of COS as functional foods, and improvement in the 
quality of the animal origin foods. 

38.4.1 Food Preservation 

The microbial deterioration and oxidation of foods are the major problems that arise in increasing 
the shelf life of foods. However, food preservation has been achieved successfully with the chemi- 
cal preservatives. The growing consumer demand toward foods without chemical preservatives has 
received attention due to natural preservatives, including chitin, chitosan, and COS. The special 
properties such as antimicrobial activity and antioxidative activity allow the chitin, chitosan, and 
especially COS to get successful as natural preservatives in the food industry. 

38.4.2 Antimicrobial Activity of Chitooligosaccharides 

Different microorganisms, including bacteria, fungi, and yeast, are responsible for the microbial 
deterioration of foods and they act as food pathogens as well. Though chitosan also exhibits anti- 
microbial property, the greater affinity of the COS against the microorganisms and greater solu- 
bility increase the possibilities of COS to be applied as a natural food preservative. The COS can 
act against both bacteria and fungi that are involved in the spoilage of food. However, scientists 
have found that the antibacterial activity of the COS is high compared to their antifungal activity 
(Wang et al., 2007a). 
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38.4.3 Antibacterial Activity of Chitooligosaccharides 

Both Gram-positive and Gram-negative bacteria are involved in the spoilage of food. The type of 
bacteria varies with the type of food as the optimum conditions needed for the bacterial growth 
differ with their species. The chitosan and its oligosaccharides have the property of antibacterial 
activity against the wide range of food spoilage and food pathogenic bacteria which reduce the shelf 
life of food. These antibacterial activities of chitosan and COS depend mainly on their structure. 
The DP as well as the DD of the structure of chitosan and COS have an influence on their antibacte- 
rial activity. 

The DP of these biomolecules is a major factor which changes their molecular weight or molec- 
ular size. The LMWC or COS with low DP exerts their antibacterial activity by getting easily 
penetrated through the cell membrane of microorganisms, disrupting the DNA replication leading 
to the suppression of the growth of microorganisms, whereas larger size molecules could not be 
penetrated through the cell membranes of microorganisms for the exertion of their antibacterial 
effects. Though there is a relationship between the molecular weight of chitosan and their antibacte- 
rial activity, Liu et al. (2006) have investigated that this relationship can get disturbed by the con- 
centration of chitosan. Findings of Liu et al. (2006) indicated that there is no relationship between 
the antibacterial activity and molecular weight of chitosan at the higher (200, 5,00, 1,000 ppm) and 
lower (20 ppm) concentrations, whereas at the concentration from 50 to 100 ppm, the antibacterial 
effects of chitosan increase with the decrease in molecular weight. 

In contrast to the antibacterial activity of chitosan, the antibacterial activity of COS decreased 
with the decrease in molecular weight (Rao et al., 2008), and among the chitooligomers, the maxi- 
mum antibacterial effect was observed in hexamer followed by the penta, tetra, tri, and dimmers 
(Kittur et al., 2005). Recently, Wang et al. (2007a) observed that among COS having different DP, 
the highest antibacterial activity shown by the COS is having the DP of 4. The same authors also 
reported a reduction of antibacterial activity with the increase in DP of COS. These differences in 
the antibacterial effects of the above two experiments can be due to the other structural differences 
in the COS molecules, including the DD. 

The deacetylation of chitin or chitosan results in free amine groups in the structure of chitosan 
or COS, making them effective against the bacteria. The involvement of the free amine group in 
the antibacterial activity of COS has been explained by the results of Kumar et al. (2005) as the 
/V-acctyiated chitosan oligomers have not shown any antibacterial activity while deacetylated chi- 
tosan oligomers, which have the free amine groups, showed an inhibition of bacteria depending on 
the concentration. These free amine groups present chitosan and COS act on the Gram-positive and 
Gram-negative bacteria by two different mechanisms. This difference is mainly due to the differ- 
ence in the cell wall constituents of the two types of bacteria. The positively charged amino groups 
of chitosan or COS bind with the peptidoglycans in the cell walls of Gram-positive bacteria, result- 
ing in cell wall disruption leading to the exposure of cell membrane to the osmotic shock. In Gram- 
negative bacteria, the positively charged amino groups of COS bind to the lipo-polysaccharides in 
the outer membrane by the ionic type of binding, blocking the nutrient flow leading to the death of 
Gram-negative bacteria. These two different action patterns of free amine group in the COS against 
the Gram-positive and Gram-negative bacteria have been explained by the results of the Kumar 
et al. (2005). In this experiment, proteins were detected in the chitooligomeric-monomeric mixture 
which has been treated with Gram-positive bacteria. Bacillus cereus, whereas no proteins were 
detected in the sample of Gram-negative bacteria, E. coli, reflecting the release of cell constituents 
to the media in the Gram-positive bacteria due to the disruption of their cell wall by interaction with 
free amino groups. However, despite the type of bacteria, the presence of free amine groups due to 
the deacetylation of chitosan or chitooligosaccharides favors their antibacterial activity, and with 
the increase of DD their antibacterial activity has also been increased. Furthermore, Wang et al. 
(2007a) reported that for an effective inhibition of bacteria DD of chitosan or COS should be higher 
than or around 80%. 
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The antibacterial activity of chitosan against the food spoilage and food pathogenic bacteria 
has been studied by many researches (Darmadj and Izumimoto, 1994; Zheng and Zhu, 2003). 
However, the antibacterial activities of COS compared to the chitosan are in debate, having both 
positive and negative points. No et al. (2002) have investigated that the antibacterial activity of 
chitosan is higher compared to the chitosan oligomers against the bacteria isolated from Tofu. 
This was in accordance with the results of Tsai et al. (2004) who have observed the strong antibac- 
terial activity of LMWC at 100 ppm against many pathogens, including Bacillus cereus , E. coli , 
Staphylococcus aureus, Pseudomonas aeruginosa, and Salmonella enterica serovar Typhi. In 
both cases, the antibacterial activity of chitooligosaccharides is much weaker compared to the 
chitosan. In the former experiment, chitosan oligomers showed antibacterial activity only against 
Bacillus sp., among the four species of bacteria that were tested. Similarly, in a recent study 
Rao et al. (2008) found that the antibacterial activity of the chitosan is higher compared to COS 
against E. coli, Pseudomonas fluorescens, S. aureus, and B. cereus. Furthermore, Zivanovic et al. 
(2004) also observed that the COS was less effective against all the tested bacteria than chitosan 
in oil-in-water emulsions. 

Though the antibacterial effects of COS in the above experiments were lower than the chitosan, 
chitooligosaccharides have also shown the capability of inhibiting the growth of bacteria, including 
Salmonella Typhi, S. aureus, and lactic acid bacteria (Jeon et al., 2001). These researches further 
stated that the COS with molecular weight over 10,000 Da is required for the effective antibacterial 
activity. 

In contrast to the above results, some researches have found an efficient bactericidal effect of 
chitooligosaccharide mixture compared to native chitosan (Kittur et al., 2005; Kumar et al., 2005; 
Wang et al., 2007a). Kittur et al. (2005) observed the efficient bactericidal effects of COS on Gram- 
positive and Gram-negative bacteria. Bacillus cereus and E. coli. Similarly, Kumar et al. (2005) 
observed the antibacterial activity of COS against Yersinia enterocolitica and Bacillus licheniformis 
other than the above-listed two species. Furthermore, Lin et al. (2009) have investigated the effect 
of chitooligosaccharides obtained by 24 h hydrolysis of chitosan with 90% DD on Gram-positive 
and Gram-negative bacteria, and according to this study chitooligosaccharides have been effective 
against both Gram-positive and Gram-negative bacteria with the Gram-negative bacteria having 
much lower minimum inhibitory concentrations (MIC) than the Gram-positive bacteria. Table 38.1 
shows the MIC of COS needed for the different bacteria. 

Though the study by Lin et al. (2009) has found a strong antibacterial activity of COS against the 
Gram-positive Staphylococcus xylosus and an effective inhibitory activity of COS against some of 
the Gram-positive bacteria (Table 38.1), the COS with 90% DD was not effective against S. aureus 
while COS with 83% DD was not effective against Streptococcus bovis and S. pyogenes, which 
belong to the category of Gram-positive bacteria. Similar to this study, Zheng and Zhu (2003) 
have found that chitosan having molecular weight less than 5 kDa is not effective against Gram- 
positive, Staphylococcus aureus. However, an effective antibacterial activity against S. aureus has 
been achieved by chitosan as it has shown a stronger antibacterial activity than COS (Fernandes 
et al., 2008). 

Although chitosan has shown high antibacterial activity. No et al. (2002) found that the prepa- 
ration of 1% chitosan solution was problematic due to its high viscosity. In order to overcome this 
problem, some researches have prepared water-soluble chitosan with 50% DD (Qin et al., 2006). 
However, the water-soluble chitosan and chitooligomers of this study had no significant antibacterial 
activity against S. aureus or E. coli, limiting its food applications. Therefore, chitooligosaccharides 
have attracted more attention to be applied as a natural food preservative. Furthermore, the level 
of antibacterial effect of water-insoluble chitosan can be achieved by increasing the concentration 
of water-soluble COS because the antibacterial effect depends on the concentration of COS in the 
medium (Jeon and Kim, 2000a; Zivanovic et al., 2004). Therefore, the high concentrations of COS 
with increased DD and optimum DP have the potential to be used in the food preservation as they 
are having an efficient antibacterial activity. 
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TABLE 38.1 

Minimum Inhibitory Concentrations of Chitooligosaccharides 
for Different Bacteria 


Type of Bacteria 

Gram positive 


Gram negative 


Bacterial Strain 

S. aureus 
S. aureus 
S. xylosus 
S. lactis 
S. agalactiae 
S. bovis 
S. pyogenes 
B. subtilis 
L. monocytogenes 
L. monocytogenes 
E. coli 
E. coli 

P. aeruginosa 
Y. enterocolitica 
V. harveyi 

V. parahaemolyticus 


DD 

MIC 

NA 

0.12 ± 0.01 a 

90% 

NI b 

90% 

45 ± 10 b 

NA 

0.12 ± 0.00“ 

90% 

800 ± 0 b 

90% 

1440 ± 358 b 

90% 

960 ± 35 8 b 

NA 

0.12 ± 0.01 a 

90% 

880 ± 43 8 b 

87.4% 

2.5 C 

NA 

0.08 ± 0.00 a 

90% 

55 ± 27 b 

90% 

200 ± 122 b 

90% 

880 ± 43 8 b 

90% 

60 ± 22 b 

90% 

55 ± 27 b 


Reference 

Wang et al. (2007a) 
Lin et al. (2009) 

Lin et al. (2009) 

Wang et al. (2007a) 
Lin et al. (2009) 

Lin et al. (2009) 

Lin et al. (2009) 

Wang et al. (2007a) 
Lin et al. (2009) 
Benabbou et al. (2009) 
Wang et al. (2007a) 
Lin et al. (2009) 

Lin et al. (2009) 

Lin et al. (2009) 

Lin et al. (2009) 

Lin et al. (2009) 


Note: NA, not available; NI, no inhibition. 
a MIC as %. 
b MIC as (ig/mL. 
c MIC as mg/mL. 


38.4.4 Antifungal Activity of Chitooligosaccharides 

As the bacteria, many fungi are involved in the postharvest putrefaction of the food items and acting 
as food pathogens. Numerous studies have been conducted for the investigation of the antifungal 
activities of chitosan and chitooligosaccharides and their potential to be applied as food preserva- 
tives. Though the scientists have found that the antimicrobial effect of chitosan or COS is higher 
against the bacteria than the fungi (Wang et al., 2007), the presence of antifungal properties may be 
important for the improvement of the shelf life of food items. 

However, an antifungal study that had been conducted using yeast species showed the growth 
promotion activity of chitooligosaccharides on Candida albicans (Qin et al., 2006). This was in 
accordance with the results of Seyfarth et al. (2008) which have been observed as weak or no anti- 
fungal activities against the three yeast species, C. albicans, C. krusei, and C. glabrata. Though 
these experiments revealed the absence of the effect of COS against the fungi, a greater antifungal 
effect has been observed at higher concentrations of chitosan against the two postharvest fungal 
pathogens in strawberry, Botrytis cinerea and Rhizopus stolonifer (Ghaouth et al., 1992). Recently, 
Tsai et al. (2004) have also observed a strong activity of LMWC against the Saccharomyces cerevi- 
siae while the chitooligosaccharides have much weaker antifungal activity. 

The observations of the absence of antifungal effects of COS by Qin et al. (2006) and Seyfarth 
et al. (2008) may be due to the composition of COS mixture as Oliveira et al. (2008) have observed 
different levels of antifungal effects on the same species of fungi according to the composition of 
the COS mixture. The growth of Botrytis cinerea, Rhizopus stolonifer, and Alternaria alternate 
has been inhibited by two COS mixtures containing oligosaccharides of DP 2 to DP 10 and DP 
2 to DP 12. The growth inhibition has not been reported against the Botrytis cinerea whereas the 
latter two species have showed a growth stimulatory effect with the COS mixture of DP 5 to DP 8. 
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TABLE 38.2 

Minimum Inhibitory Concentrations of 
Chitooligosaccharides for Different Fungi 

Fungal Strain MIC(%) Reference 


Aspergillus niger 
Saccharomyces cerevisiae 
Rhizopus apiculatus 
Mucor circinelloides 


0.15 ± 0.01 Wang et al. (2007a) 
0. 1 3 ± 0.00 Wang et al. (2007a) 
0. 15 ± 0.00 Wang et al. (2007a) 
0. 15 ± 0.00 Wang et al. (2007a) 


In the same study, weaker response has been reported from the Penicillium expansum by the COS 
mixture of oligosaccharides with DP 2 to DP 10 whereas other two mixtures had no effect (Oliveira 
et al., 2008). 

Furthermore, the effects of DP on the antifungal activities of COS have been studied in detail 
by the scientists (Wang et al., 2007a). Among the different COS samples used in this experiment, 
the COS sample with DP 4 showed the maximum growth inhibition against the tested fungal spe- 
cies. The same authors have also observed decrease in the inhibition of fungal growth activity with 
increase in the DP of COS. The minimum concentration of COS mixture needed for the inhibition 
of the fungi varies with the species of fungi. Table 38.2 shows the MIC of chitooligosaccharides 
required by the different species of fungi which are acting as food pathogens and food spoilage 
organisms. 

In contrast to the observations made in many studies, Wang et al. (2007a) reported that the anti- 
fungal effects of COS are higher than that of chitosan, and COS obtained from the hydrolysis of 
chitosan using the enzymes from Pseudomonas have the potential of use in aquatic food product 
preservation (Wang et al., 2007a). 

38.4.5 Antioxidative Activity of Chitooligosaccharides 

The oxidative changes that occur in the food items reduce the shelf life of foods, making them 
unsuitable for human consumption. Therefore, the antioxidative properties of COS also can be 
applied for the preservation of food. 

The effect of the molecular weight of chitosan in the prevention of the lipid oxidation of salmon 
has been investigated (Kim and Thomas, 2007) and, according to this study, 30kDa chitosan has 
exhibited the highest reduction of lipid oxidation in salmon. With the increase in the molecular 
weight of chitosan, the effectiveness against the lipid oxidation reduces reflecting the unsuitability 
of higher molecular weight chitosan as the food preservative. 

Similar to chitosan, chitooligosaccharides produced by Gamma irradiation have exhibited the 
antioxidant property, increasing the potential of the usage of COS as a natural food preservative 
(Rao et al., 2006, 2008). According to the observations of Rao et al. (2008), among the different 
molecular weight chitooligosaccharides, COS with the molecular weight of 8.3 kDa exhibited the 
highest antioxidant potential in free radical scavenging assay. In the former experiment, the anti- 
oxidant lipid peroxidation activity of the COS has been investigated using the food models. In this 
experiment, lower thiobarbituric acid reactive substances (TBARS) have been detected in the meat 
samples coated with the COS than the COS uncoated samples after a storage period of 4 weeks in 
the ambient temperature, reflecting the involvement of COS in the improvement of the shelf life of 
meat. A significantly high antioxidant activity of COS has also been reported by Wang et al. (2007a) 
in the assay of antilipid peroxidation. 

The structure of the chitooligosaccharides favors its antioxidant activities. The presence of 
functionally active two hydroxyl groups at C-3 and C-6 positions and a free amino group at C-2 
position contribute to their antioxidant activity as those groups have abstractable hydrogen atoms 
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(Je et al., 2004; Park et al., 2004). The structural factors affecting the radical scavenging activity 
of chitooligosaccharides have been investigated by Huang et al. (2006). According to this study, 
COS can exert different mechanisms to scavenge the different free radicals. Furthermore, same 
authors suggested that the hydrogen donation is dominant for the scavenging of 2,2-diphenyl-l- 
picrylhydrazyl (DPPH) and carbon-centered radicals. Moreover, the chelation of ferrous ions has 
been indirectly contributed for the hydroxyl radical scavenging activity of COS. However, Rao 
et al. (2006) have stated that the ability of the antioxidant activity of COS is mainly related to their 
superoxide radical scavenging activity while hydroxyl radical scavenging activity is showed only 
up to 50%. Similarly, high superoxide radical scavenging activity has been reported by Wang et al. 
(2007) among the three marine oligosaccharides that have been tested. 

Though the antimicrobial and the antioxidant properties of the chitosan and the COS are dis- 
cussed separately, the combined effect of these two properties with the property of solubility is 
essential for the use of COS in food preservation. Moreover, scientists have investigated that syn- 
ergistic effect can be obtained by combining the COS with other materials for the preservation of 
food. In the experiment of Rao et al. (2008), COS or lysozyme alone has no significant antibacterial 
effect against E. coli or P. fluorescens whereas a combination of COS and lysozyme enhanced the 
antibacterial activity against these two species. The inclusion of this mixture to minced meat elimi- 
nated the E. coli, P. fluorescens, and B. cereus from meat during 4h at ambient temperature and no 
viable counts of those bacteria have been observed in the meat samples stored at chilled temperature 
even after 15 days (Rao et al., 2008). 

38.5 APPLICATION OF CHITOOLIGOSACCHARIDES AS FUNCTIONAL FOODS 

The consumer demand on the functional foods increases as they promote the gut health and decrease 
the risk of diseases. The functional foods are categorized into three groups based on their mecha- 
nism of action as probiotics, prebiotics, and biogenics (Mitsuoka, 2002). The chitooligosaccharides 
can also be applied as functional foods in the food industry as they have the capacity to act as a 
prebiotic. 


38.5.1 Application of Chitooligosaccharides as Prebiotics 

Prebiotics are nondigestible feed ingredient that beneficially affect the host by selectively stimulat- 
ing the growth of beneficial bacteria and/or by suppressing the growth of harmful bacteria in the 
colon which have the potential to improve the host health (Gibson and Roberfroid, 1995). Usually, 
prebiotics are oligosaccharides. Therefore, COS also have the potential to be used as the prebiotics, 
increasing the application of COS as functional foods. 

A study has been carried out for the investigation of growth stimulatory effects of COS on bifido- 
bacteria and lactic acid bacteria using the fully deacetylated COS with the DP 2-8 (Lee et al., 2002). 
Though COS have exhibited bactericidal effects on certain lactic acid bacterial species in a previous 
study (Jeon et al., 2001), the bactericidal effects of COS against the bifidobacteria and lactic acid 
bacteria have not been reported in this study. The COS have a bifidogenic effect at concentrations 
between 0.1% and 0.5% whereas COS have a growth stimulatory effect on L. casei and L. brevis 
at a concentration of 0.1%. Since these chitooligosaccharides are fully deacetylated, they are not 
digestible by the intestinal enzymes increasing the applicability of COS as prebiotics. 

Recently, Pan et al. (2009) have investigated the ability of COS to act as prebiotics in the 
mouse model system. The chiooligosaccharides used in this experiment were 90% deacetylated 
and the DP was ranged from 3 to 6. According to this study, the concentrations of more favorable 
bifidobacteria and lactobacilli increased while reducing the concentrations of unfavorable entero- 
coccus and Enterobacteriaceae in the caecum of mice treated with COS for 14 days. According 
to these results, it can be suggested that the COS have the potential to be used as prebiotics in the 
food industry. 
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38.5.2 Hypocholesterolemic Foods 

Hypocholesterolemic effects of the chitosan and COS have attracted much attention as this property 
can be applied widely in the biomedicinal field. However, according to an early study, chitosan oli- 
gomers have not shown a cholesterol-lowering activity (Sugano et al., 1988). Kim et al. (1998) have 
carried out an experiment for the investigation of the effects of hydrophilic chitooligosaccharides on 
the liver functions of mice. They have found that the COS can partially reduce the elevated serum 
cholesterol levels after a diet containing cholesterol. After the 6 weeks experimental period, the 
serum cholesterol level has been reduced by 23% in the group of mice fed with a diet containing 
1% COS and 3% cholesterol than the group fed with 3% cholesterol alone (Kim et al., 1998). This 
reflects the involvement of the orally administered COS in the partial reduction of elevated serum 
cholesterol levels. 

Choi et al. (2006) have used microencapsulated COS in milk, and according to this study the 
COS microcapsules can be used in commercial healthy milk production with little adverse effects 
on the physical and sensory properties. However, further studies are needed for the improvement 
of the physical and sensory properties of the hypocholesterolemic milk and the investigation of the 
possibility of production of other types of hypocholesterolemic foods for health benefits. 

38.5.3 Enhancement of the Calcium Absorption 

In the animal studies, scientists have found that the absorption of calcium is arrested by the dietary 
chitosan, limiting the applications of chitosan in the food industry (Liao et al., 2007). Though 
dietary calcium absorption is prevented by chitosan, its oligosaccharide form has been involved in 
the acceleration of the calcium absorption from the gut. This special property of COS can be applied 
in the food industry for the production of functional foods. Scientists have reported the property of 
the increased calcium absorption of COS in in vivo experiments (Jeon and Kim 1997). The chitosan 
oligomers from trimer to heptamer have been involved in increasing the calcium absorption, which 
is reflected by the lowering of the fecal calcium excretion and by an increase in the breaking force 
of femur in rats. Similar results have been reported by Jung et al. (2006). Furthermore, they have 
observed an efficient inhibition of the formation of insoluble calcium salts by chitooligosaccharides 
in the neutral pH in vitro experiments. Therefore, low molecular weight COS can be used as a 
dietary ingredient, as they are important for the prevention of negative mineral imbalances. 

38.6 OTHER APPLICATIONS OF CHITOOLIGOSACCHARIDES 
IN FOOD INDUSTRY 

Chitooligosaccharides can be applied in the improvement of the quality of the animal origin food 
items by introducing them to the animals as feed additives. The enhancement of the growth of the 
animal species, improvement of the animal gut health, and reduction of animal diseases may con- 
tribute to increase the application of COS in animal industries. 

38.6.1 Effects of Chitooligosaccharides in the Improvement 
of Performance and Meat Quality 

The effects of COS on the improvement of the performance of broilers (Zhou et al., 2009) as well as 
its applications in swine (Han et al., 2007; Liu et al., 2008) have been studied by the scientists. 

Though there is no change in the feed conversion efficiency, body weight gain and feed intake 
have increased with the addition of COS into the diet of broilers. Zhou et al. (2009) have found that 
with increase in the concentration of COS in the diet, the weight of the abdominal organs such as 
liver increases while decreasing the abdominal fat and yellowness of the meat. Furthermore, the 
inclusion of COS in the diet of the broilers has improved the performance of the birds as well as 
the quality of the broiler meat. 
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In contrast to broilers, pigs have shown increased feed conversion efficiency due to the addi- 
tion of COS in the diet. The digestibility of the feed has improved while decreasing the growth of 
harmful bacteria (Han et al., 2007). Similar results have been observed by Liu et al. (2008). Their 
results indicated that the dietary supplementation of 100-200 mg/kg COS enhanced the growth 
performance of pigs by increasing the digestibility, decreasing the incidence of diarrhea by enhanc- 
ing the growth of favorable Lactobacillus species, and improving the small intestinal morphology. 
Therefore, the usage of COS as an animal feed additive improves the quality and quantity of animal 
origin foods. 

38.6.2 Toxin-Binding Ability 

The commercial toxin binder FERMKIT®, which contains chitin, chitosan, and COS fermented 
by probiotic bacteria, has been used as a dietary supplementation for ducks. Khajarem et al. (2003) 
have conducted an experiment for the investigation of the effects of the dietary supplementation of 
this product on the mycotoxicity in meat-type ducks. During the 4 weeks experimental period, the 
dietary supplementation of this product has significantly diminished the adverse effects of aflatoxin 
and zearalenone, which cause toxicity in ducks. Therefore, the usage of this product containing 
probiotic fermented chitin, chitosan, and COS as a dietary supplementation may improve the meat 
quality of ducks by preventing the possible mycotoxicities. 


38.7 CONCLUSION 

The second most abundant biopolymer chitin and its deacetylated form chitosan have a wide range 
of applications, including in the food industry. Insolubility at neutral pH is a major factor which lim- 
its the food applications of these two biopolymers and has attracted the attention of scientists toward 
the depolymerized oligosaccharide form of chitosan, which is soluble at neutral pH. Therefore, COS 
can be applied in the many fields where the insolubility of chitin or chitosan is becoming a limiting 
factor, especially in the food industry. 

The low molecular weight due to less DP is the main factor which increases the solubility of 
COS. Though decrease in DP increases the solubility, the functional properties of COS are not high 
in small molecular size chitooligosaccharides. The pentameric or hexameric form of COS which 
has the balance between the solubility and physiological activities is more suitable for their food 
applications. 

The food applications of COS include the preservation of food, the use of COS as functional 
foods, and the improvement of the quality of the animal origin foods. The chitooligosaccharides are 
used as natural food preservatives due to the presence of antimicrobial and antioxidative properties. 
However, their antimicrobial effects compared to the chitosan are in debate, having both positive 
and negative points. Moreover, the application of COS as functional foods due to the presence of 
prebiotic activity and hypocholesterolemic effects is a novel area which has a great potential to be 
developed. Further studies are needed for the investigation of molecular weight, molecular con- 
firmation, and the mechanism of action of COS that contribute to their special properties, thereby 
widening the range of food applications of chitooligosaccharides. 
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